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ABSTRACT

Stress rupture tests of four Co-W base alloys were
conducted at 1800 and 1850°F in air using as cast specimens
produced in conventional investment molds and unidirectionally
solidified. These alloys were also extruded to investigate the
properties of hot worked structures. Variable strain rate tests
of extruded Co-45W-0.05Zr at 1800°F were employed in a study
of superplasticity.

In as cast alloys, changes inrupture life and ductility
on unidirectional solidification were determined by the favorable
longitudinal alignment of grain boundaries competing with the
geometry, orientation, and distribution of second phases. For
all but modified Co-45W (wt. %), ductility was increased. Rupture
life after unidirectional solidification was higher for Co-35W
but lower for modified Co-35W, In Co-45W-0,05Zr and modified
Co-45W, rupture life was greater for the unidirectional structure
at low stresses only. Extruded Co-35W-0,05Zr and Co-45W-0,05Zr
experienced a nearly 100 fold degradation in rupture life but large
increase in ductility.

The existence of superplasticity in extruded Co~45W-

0, 05Zr was established. The necessity of a fine structure for
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superplasticity was demonstrated; the role of phase transformation
was secondary. Continued recrystallization or grain boundary

migration during deformation was suggested by microstructural

evidence.
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INTRODUCTION

As cast structure control is receiving increasing
attention and stature as a means of optimizing alloy properties.
The influence of cast structure is not limited to applications
requiring no subsequent mechanical working. Indeed, it may
affect both the actual working process and later material per-
formance.

Two general areas of activity characterizing cast
structure research are (1) structure refinement and (2) con-
trolled solidification. Structure refinement deals with the size
reduction of individual units such as grains, dendrites, segre-
gates or inclusions. The aim here is to minimize segregation,
achieve uniformity and isotropy and derive any possible
strengthening effect of fine grained or disperse microstructures.
Rapid cooling, small alloying additions, and mechanical techniques
such as vibration of the melt have been utilized.

The most convenient and widely studied method is
alloying. In "eutectic modification™ small additions of various
elements are used to alter substantially the usual eutectic
morphology producing a finer structure with improved properties.

In A1-Si alloys, historically the first of the modified eutectics,



small additions of Na ( <. 05%)or certain other elements under
usual cooling conditions or only rapid solidification produce
modification. The list also includes ductile iron made by treating
gray iron with small amounts of Ce or Mg, and more recently,

a number of high temperature eutectics, Co-W, Co-Al, Ni-W,
Ni-Ta (1).

Refinement of as cast structures by alloying in non-
eutectic systems has found widespread application. Alloys of
aluminum (2), magnesium (3), copper (4), steels (5)and a
number of high temperature alloys (6)are among the many
examples of successful applications of refinement.

An understanding of the above phenomena and their
effects on mechanical properties is related intimately to knowledge
of solidification. As such the complex multi-element interactions
affecting the nucleation and growth phenomena influencing these
structures will not be reviewed now.

The second broad area of cast structure research deals
with controlled solidification. Here control of the microstructure
results from external thermal control of the solidification process.
In its most sophisticated form both the thermal gradient and
solidification rate are regulated. The technique has certain

obvious merits. Efficient feeding of the casting is enhanced,



reducing porosity and the dendritic structure is more uniform.
But the greatest benefit is the development of structural aniso-
tropy which, properly utilized, is desirable in certain appli-
cations.

Controlled or unidirectional solidification generally
produces two distinct effects, regular or preferred alignment
of microconstituents and preferred grain and grain boundary
orientation. In the field of fiber reinforced metal matrix com-
posites the potential of structures with reinforcing fibers pro-
duced in situ is most attractive. It has been demonstrated that
controlled eutectics with rod or lamellar structures, aligned in
the direction of solidification and subsequent loading, can exhibit
fiber reinforcement (7,8), The choice of matrix and reinforcing
phases, the morphology, whether rod, lamellar or anomalous, and
volume fraction of reinforcing phase are obviously limited by
existing eutectic systems. Comparatively few binary systems
have been studied. Many of these are promising (9). Further-
more, when one considers higher order systems, the field is
virtually untapped. Most of the work to date has dealt with room
temperature properties, although elevated temperature rein-
forcement is also being investigated. Here even more progress

remains to be realized, with high temperatures introducing



complications. Thus, Ta,C fibers in a Ta matrix led to rein-
forcement at room temperature, but a rapid decrease in strength
at elevated temperature (10).

In controlled eutectics where fiber reinforcement is
sought, the dominant strengthening mechanism is load transfer
from matrix to fiber. Particularly at lower temperatures grain
and grain boundary alignment is likely to be of secondary impor-
tance. However, in other than eutectic systems and indeed in
certain eutectics, unidirectional solidification does not produce
proper second phase alignment for reinforcement in the direction
of solidification. Structural anis"';tropy in such ,alloys leads to
mechanical property effects substantially different in nature from
those found in composites. In some recent work on high strength
steels alignment of sulfides along dendrite arms produced marked
differences in transverse and longitudinal properties (11).

Unfavorable distributions of second phases resulting from
unidirectional solidification were also observed in a high tempera-
ture, high carbon austenitic steel and high carbon Stellite alloy (6).
Failures initiated at carbides aligned perpendicular to the
solidification direction. Control of equiaxed grain size was utilized
to improve the carbide morphology and enhance creep strength and

ductility.



An analysis of structural effects in controlled solidifica-
tion must also include consideration of grain and grain boundary
effects. At low temperatures, a small grain size is desirable
with grain boundaries being stronger than the grains. At high
temperatures, past the so-called equicohesive temperature (12)
a transition occurs where the boundary strength falls below that
of the grains. Furthermore, creep failures often propagate
intergranularly with voids preferentially initiating on boundaries
perpendicular to the tensile loading direction.

It has been shown that controlled cast structures can
reduce these causes of elevated temperature weakness. Uni-
directional solidification of a Ni-Cr-~Al superalloy, inwhich the
strengthening is derived from a fine dispersion of ¢! Ni3A1
intermetallic, aligned the grain boundaries longitudinally (13).
This led to improvements in both stress rupture life and ductility
over equiaxed or transverse columnar structures. More recently
the techniques of unidirectional solidification have been applied
commercially to the production of jet turbine blades. Both
stress rupture life and elevated temperature ductility were
increased over conventional investment cast blades (14,15).

The full potential of this alloy was not realized by unidirectional

solidification, in which numerous grains are aligned longitudinally,



because of the persistence of a few transverse boundaries.

Single crystal blades have also been successfully cast
and the stress rupture life, ductility, and minimum creep rate
improved compared to unidirectionally solidified multi-grain
columnar structures (14, 15). This latter development represents
a significant advance in the attainment of optimum properties
through cast structure control. However, as noted earlier,
factors other than grain boundary orientation may be influential.

In addition to second phase distribution and orientation, crystalline
anisotropy, changes in flow properties and modulus, are no
doubt important.

The present study was undertaken to provide additional
insight into the influences of microstructure at elevated tempera-
tures. Specifically, the purpose of this investigation was two-fold:
first, to analyze the role of grain boundary and second phase
orientation on the stress rupture behavior of as cast Co-W base
alloys and secondly, to examine the effects of controlled cast
structures on the extrusion and subsequent creep strength of these

alloys.



MATERIALS AND PROCEDURE

Alloys Investigated

Based on earlier work (16) two pairs of alloys, Co-
35W and co-45W base, were selected for the present study.

The choice of these alloys resulted from the large differences
in properties and particularly structures exhibited by as cast
stress rupture specimens. The nominal compositions in weight
percent of the Co-35W base alloys were Co-35W-0, 05Zr and
Co-35W, 3Cr, 2Ti, 2Zr, 1C, 0. 1B, The slight amount of Zr
was added to the former alloy for deoxidation and was not
sufficient to modify the structure of that binary composition.
The second, modified Co-35W, alloy was also developed by
Ramseyer (16)and possesses excellent 1850°F stress rupture
properties. The possibility of further improvement by uni-
directional solidification was thought to be worth pursuing.

The second pair of alloys was based on the Co-45W
eutectic composition. AS with the 35W base alloy, one of these
was unmodified containing Co-45W-0, 05Zr, Modification of the
eutectic with 0,75Ti, 0,75Zr, 0. 25C, 0. 1B has been shown to
improve stress rupture behavior markedly (16). This latter alloy

was also included in the current work.



Melting Materials and Chemical Analysis

High purity elemental materials were melted to obtain

the desired alloys. Their purity and form were as follows:

Element Form Purity

co electrolytic, 1 x 1x 99, 5+
1/8"

W powder, 6 micron avg. 99. 9+
Cr electrolytic 99. 8+
Ti sponge 99.65
Zr sponge (reactor grade) 99. 8+
C spectroscopic graphite 99. 999+
B -325 mesh 99.25

Both wet chemical and X-ray fluorescent analyses were
performed by an outside laboratory. Once the melting techniques
were established, excellent reproducibility of compositions was
obtained and analyses were not conducted for all elements of each

heat.

Melting Practice

Heats weighing approximately 4-5 pounds were induction
melted in stabilized ZrOp crucibles surrounded by a graphite

susceptor. A new crucible was used for each heat. The 250 KW



induction unit operated at 960 cps. The melting furnace, auxil-
liary mold heater, and molds were located in a chamber which
could either be evacuated or filled with a protective atmosphere.

The entire charge could not be placed in the crucible.
Accordingly, all of the W, C, B, and Cr together with most of
the Co were packed initially. Once this charge had melted the
remaining Co was added remotely via a charging chute, Ti and
Zr additions were made shortly before pouring the metal.

Two melting procedures were employed. For the
unmodified alloys, the initial charge was gradually heated to
incipient melting, the chamber filled to 1/2 atmosphere of
argon, and the rest of the Co added. Once the entire charge
was molten, it was permitted to cool under reduced power until
a thin solid skin formed and then heated gradually to incipient
melting. At this time, the melting point was established with an
optical pyrometer. The bath temperature was then raised to
100°F (optical) above the melting point and the chamber evacuated
to a pressure of 150 Hg over a 15 minute period. The purpose
of this pressure reduction or boil was to lower the gas content
in the melt. After the boil, the chamber was backfilled with
argon to a pressure of 5/6 atmosphere. The temperature was

then raised to 350°F (optical) above the melting point, the Zr
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was added, and the metal poured into a preheated mold.

The modified Co-35W and Co-45W base alloys con-
tained carbon and required a slightly different melting proce-
dure. During the boil the chamber pressure was lowered very
slowly to prevent vigorous sputtering and ejection of molten
droplets. The boiling period was twenty minutes; the pressure
was lowered to only 1/6 atmosphere of argon. The final
alloy addition before pouring contained both Ti and Zr.
Otherwise the melting and pouring practice did not differ
from that used for the unmodified alloys.

The metal temperature changes above the melting point
as measured with the optical pyrometer was less than the actual
differences determined by a Pt, Pt - 10% Rh immersion thermo-
couple. Superheats of 100° and 350°F (optical)corresponded

approximately to actual changes of 125 and 500°F,

Molds and Auxilliary Equipment

Four different ceramic shell molds were used to
produce test material. These molds and typical castings are

illustrated in Figures 1and 2. The molds contained a dip coat
of zircon and were made by the lost wax process. Conven-

tionally cast test bars were poured in the form of clusters,
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Figure 1{a). The mold was preheated to 1600°F in an electric
resistance furnace. Immediately after pouring the mold furnace
power was shut off and the casting permitted to cool gradually
to room temperature. The test specimens were then cut off
from the ingates and sandblasted lightly to remove any light
scale and reveal possible surface imperfections,

Unidirectionally solidified castings were poured into
a modified version of the conventional cluster mold, Figure 1(b).
The lower portion of this mold was cut off to permit heat
extraction by a water cooled copper chill. The mold and chill
block were located in a 4 KW electric resistance heated (SiC
Globar element) furnace capable of operating at 2500°F in
vacuo and 2800°F in argon. The furnace is illustrated in
Figure 3. This furnace was also used for preheating the con-
ventional cluster molds.

Unidirectional solidification was obtained by pouring
metal from the induction furnace into the heated mold. The
sides of the mold were maintained above the liquidus. For
cluster molds, this temperature was 2780°F, Furnace power
was not reduced until ten minutes after pouring. The structure
of as cast test bars was unidirectional over most of the speci-

men length, including the entire test section. The dendrite
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spacing in the reduced center section was fairly constant.

In addition to as cast test bars, ingots for subsequent
extrusion were also cast. Unidirectionally solidified castings
were produced in the ceramic mold shown in Figure 2(b) using
the previously described mold furnace. A mold temperature
ranging from 2650°F to 2750°F was required to obtain uni-
directional structures with no surface nucleation. The columnar
zone length in all cases was over 2 3/4'., For conventionally
cast ingots the mold (Figure 2(a)} was supported in silica sand
bonded with 1% sodium silicate. This arrangement was pre-
heated in a gas fired furnace to 400°F and placed into the
vacuum chamber immediately before the start of a heat. After
pouring, a granulated exothermic hot topping compound was
added to the top of the casting as soon as a thin solid skin had
formed. This provided for more efficient feeding while
reducing the possibility of entrapping foreign exothermic

material in the ingot,

Extrusion of Cast Ingots

Extrusion billets were machined from conventionally .
cast and unidirectionally solidified ingots of all four alloys.

These were then canned in mild steel. Billet and can dimensions
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are shown in Figure 4(a). The extrusions were conducted on a
750 ton capacity horizontal hydraulic press. The die had an
included angle of 120° and an orifice diameter of ,750 inches,
giving an 8:1 reduction on the total canned assembly. The
reduction on the billet was not constant. The reduction on 1

to 2 inches of the extreme nose and tail portions of the extruded
billet was between 4: 1 and 6: 1; therest of the extruded product,
from which test specimens were taken, experienced between a
7:1and 9:1reduction in area. The extrusion lubricant was
Cr,04 and graphite grease. Ram speeds ranged from 1to 4.8
inches per second. Billets were preheated in an argon atmos-
phere to 2125 -2200°F, depending on the alloy. After extrusion,
the bars were cooled on a sand bed. Quantitative data obtained
during extrusion consisted of traces showing the variations of

ram pressure and speed with time.

Mechanical Testing

Constant load stress rupture tests were performed on
as cast bars and specimens machined from sound extrusions,
Figure 4(b). AIll alloys, with the exception of modified Co-35W,
were tested at 1800° F; the latter was tested at 1850°F, Stress

rupture life, ductility, and, whenever possible, minimum creep
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rate were determined. The creep strainwas measured by dial
gages attached to the weight pan ends of the stress rupture
machine loading arms. Specimen slippage in the grips during
seating probably introduced some error initially. Except for
these early inaccurracies, the curves of creep strain versus
time from which minimum creep rates were extracted are

considered reliable,

Metallography

Metallographic examination was performed on all
cast, extruded, and tested material. Microstructures were
revealed by etching mechanically polished specimens with the
etchants listed in Table I. Stains produced by some of these
etchants were removed by a concentrated aqueous solution of
KOH.

The phases observed were identified only by metallo-
graphic means. In the unmodified alloys, the phase diagrams
of Hansen and Anderko (17) and the recent study of Neumeir
and Holman (18)were assumed to apply. The phase diagram
of the Co-W system incorporating this latter work appears
in Figure 5. Some other investigations (19, 20) were of value

in identifying microconstituents in the modified alloys.



RESULTS AND DISCUSSION

Chemical Analysis

The results of chemical analyses on representative
heats appear in Table 11 Although W was not analyzed, the
actual analysis deduced from sums of other elements determined
was approximately 1% less than the nominal value. This coin-
cides with losses reported by Ramseyer (19). The Co contents
were correspondingly about 1% above the nominal. The quantity
of other elements closely approximated the nominal compositions.
The amount of Zr added to the nominal .05 Zr heats was . 06% .
The recovery was generally very low, indicating that most of
the Zr was consumed in deoxidation. In general, with the
exception of the .05 Zr heats, the amount of extra material
added to obtain desired recoveries was 12% for Ti and Zr, 20%

for C and B, and 3% for Cr.

As Cast Alloys

Microstructural Considerations

The microstructures for all alloys investigated appear
in Figures 6 to 9. Conventionally cast material in most cases
had the same structures as observed in earlier studies (1, 19).

Figure 6(a) shows the structure of conventional Co-35W-0, 05Zr.,

-15-
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Although the microstructure was not modified appreciably by the
addition of this small quantity of Zr, its etching characteristics
were altered. The interdendritic precipitate is Widmanstatten
003W with some € possibly present.

Figure 6(b) shows longitudinal sections of this alloy
solidified unidirectionally. The precipitate is now better
delineated and lies in the interdendritic spaces, parallel to
the direction of solidification. Regions of a grain boundary
precipitate were also discernable, This precipitate is probably
the eutectic formed from segregation of W at the boundaries.
Strong support for this contention was found in tested specimens
and will be discussed later. The light relatively precipitate
free regions in both as cast Co-35W-0,05Zr microstructures
are face centered cubic a Co.

The structure of conventionally cast Co-35W, 3Cr,
2Ti, 2Zr, 1C, 0. 1B, is shown in Figures 7(a), (b). Ramseyer
(19) developed this alloy through systematic additions of Ti,

Zr, C showing that the ratio of (Ti+ Zr)/C has a large effect on
structures and properties. From the changes in structure and
volume fraction of second phases, he deduced that both MgC
and MC were present. X-ray phase identification of electro-

lytically extracted carbides in a structurally equivalent alloy
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with 1Ti, 1Zr, 0.056 showed the presence of MgC as Co3W3C
and MC as TiC with probable substitution of Zr (19). Based on
the above study, the large idiomorphic particles in Figure 7(a),
(b) are believed to be MC carbides; the smaller equiaxed parti-
cles and islands of carbide eutectic are probably M6C carbides.

Unidirectional solidification of this alloy produced the
large microstructural changes shown in Figures 7(c), (d). The
general structure exhibited a coarse carbide eutectic. Near
the mold wall-casting interface, large clusters of faceted MC
carbides were present. The eutectic is tentatively identified
as My C carbide probably arising from local deviations in the
proper ratio of Ti+ Zr/C. Very similar structures occurred
in Co-35W, 3Cr, 0. 1B base alloys with additions of 0. 5C;
1C; 2Zr +0.5C; 2Zr + 1C; 2Ti + 1C (19).

Chemical analyses taken at various locations in uni-
directionally solidified castings showed no segregation of Ti,
Zr or C along the length with some segregation of Ti to the mold
wall. The reason for this behavior appears to be the depletion
of MC carbidesfrom the central portions of the test section.

It is proposed that the MC carbides segregated from the melt
to the mold wall in the following manner. The general shape of

the liquid-solid interface in a unidirectionally freezing casting
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will not be flat in castings solidified by the technique employed
in this study. The mold wall temperature must be higher than
along the rest of the front to prevent surface nucleation. Under
these conditions, it is expected that a roughly dome shaped
interface whose crest protudes into the liquid will be obtained.
MC carbides, being stable in the liquid, can slough off the
interface into the trough formed by the mold and solidifying
front.

Figure 8(a) shows the microstructure of conventionally
cast Co-45W-0,05Zr, The as cast structure is essentially two
phase composed of lamellae of W Coo or u phase in FCC a Co.
The primary Co is the continuous phase. W¢Coq has a rhombo-
hedral structure and can exist over a range of compositions (17,
18). Cast conventionally the lamellae appear in feather-like
patterns with main rib of W()Co7 and branches of W6Co7 and
primary Co nearly perpendicular to the ribs. Unidirectional
solidification preserved the feather or tree-like pattern,
Figure 8(b), The main, relatively coarse, ribs of W Coy are
parallel to the growth direction with branches of W¢Co- and
primary Co almost perpendicular to it. This type of eutectic
growth has been observed in both metal and organic systems

and is characteristic of so-called complex-regular binary
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eutectics in which one phase has a high while the other has a
low entropy of melting (21).

Modification of the Co-45W eutectic with 0, 75Ti, 0.75
Zr, 0,25C, 0. 1B resulted in a coarser structure. The conven-
tionally cast material, Figure 9 (a), contains thick platelets of
a nphase W3Co,C (20) and small well dispersed carbides,
probably MC. The complex-regular eutectic pattern is main-
tained although the constituents are less acicular. Unidirectional
solidification coarsened the structure even further. Large
lamellae of the intermetallic are aligned,similar to the Co-45W-
0.05Zr alloy, nearly perpendicular to the growth direction while
main dendrite ribs are parallel to it, Figure 9(b). The structure
illustrated in Figure 9(b) is from a stress rupture specimen
tested at 1800°F and shows a matrix precipitate that appears

to be Co, W,

3
In both of the Co-45W base alloys that were solidified

unidirectionally, grain or cell boundaries were aligned parallel

to the specimen axis.

Relation of Structure to Properties
The results of all stress rupture tests on as cast

specimens are listed in Table 111. The changes in rupture life,
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creep rate, and ductility varied for the four alloys in the uni-
directionally solidified condition. A complete analysis of the
results must necessarily consider the structural factors
affecting creep resistance, initiation and propagation of failure.
It has been observed for a number of metals and alloys
that rupture life and minimum creep rate are inversely related
(22, 23) such that in a log-log plot a slope of approximately -1
is obtained. Similar behavior was found in the present study.
Figure 10 summarizes all the data obtained in this investigation
in one plot. A line with a slope of -1 is drawn through the points.
Since a number of variables are combined in this plot, the data
actually represent a family of lines, the slope of each is roughly
unity. Monkman and Grant (23) concluded that the relation log
te. + mlog(mcr) = c, (wherety is the rupture life, m is the slope,
mecr is the minimum creep rate, and c is a constant),is fairly
independent of temperature, stress, composition, heat treat-
ment or hardness for a particular alloy system. However, the
data obtained in the current investigation are not sufficiently
extensive to permit similar conclusions. The implications of
this relationship have been well discussed in the literature. It

is sufficient only to note that the minimum creep rate and
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rupture life would differ in opposite directions when plotted
versus stress and be exact mirror images for m = 1.

Curves of initial stress versus rupture life for the Co-
35W-0,05Zr alloy appear in Figure 11. Unidirectional solidifi-
cation produced a two to three fold increase in rupture life over
the entire stress range. The superior rupture life of the uni-
directional Co-35W-0, 05Zr is reflected in a lower minimum
creep rate at all stresses, Figure 11. The average ductility of
the unidirectional alloy as measured by percent elongation was
13.5% compared to 11.2% for the conventional castings. Average
values were used in such comparisons for all alloys since no
consistent variation of ductility with stress was evident, although
it is often observed that elongation decreases with stress and
increasing rupture life (24).

Microstructural examination of specimens tested both
at high and low stresses showed no perceptible effect of stress
level on mode of failure. All specimens contained precipitation
of e and Coz W in the grains and lamellar eutectic in the grain
boundaries, Figure 12, The eutectic was most pronounced in the
unidirectional casting and is attributed to gravity segregation of
W in the grooves formed by two adjacent grains and the melt.

W enrichment in this area would depress the freezing point,
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retarding solidification relative to the adjacent grains and further
accentuating the grooving. A coarse intergranular precipitate
was also present in the conventional castings.

In the latter structure grain boundary sliding was clearly
evident, Figure 12(a), Small fairly equiaxed cavities were visible
along the sliding boundaries inclined to the testing direction with
wedge or W type voids appearing at boundaries nearly perpendi-
cular to it. Figure 12(a) shows decohesion produced by grain
boundary sliding. W-type voids are usually associated with grain
boundary junctions, triple points, at which sliding is not accom-
modated (25). They usually grow along the boundaries. A few,
very small, rounded voids were also present in the grains. Some
were associated with small isolated areas of eutectic and appeared
to be stable. Thus, the failure of the conventionally solidified Co-35W-
0. 05Zr alloy appears to have been initiated intergranularly.

In unidirectionally solidified Co-35W-0,05Zr, the grain
boundaries were also the source of weakness. Voids formed at the
grain boundary eutectic. Both small rounded and angular cavities
were observed, Figure 12(b), but these did not extend into the grains.
There were a few small cavities away from the fracture. However,
near the fracture surfaces, the boundaries contained continuous

or semi-continuous longitudinal fissures. The grains contained a
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few rounded voids. Failure in the unidirectional castings appar-
ently was initiated intergranularly at the eutectic precipitate and
progressed transgranularly.

The superiority of the unidirectional structure in this
alloy, in spite of the heavy grain boundary precipitation, probably
resulted from the absence of oblique boundaries and grain
boundary sliding. In the conventional casting, decohesion from
sliding created large cracks, decreased the load supporting area
and increased the stress. This would greatly accelerate further
sliding and eventual rupture. In the unidirectionally solidified
specimens, grain boundary sliding in the usual sense was absent
and voids did not extend transgranularly over large distances.

The stress rupture behavior of the modified Co-35W
alloy was not improved by unidirectional solidification. The
rupture life was reduced and the minimum creep rate was higher
at all testing stresses, as shown in Figure 13. These results
are readily interpreted on the basis of structure. Conventionally
cast modified Co-35W was very homogeneous. No grain boundary
precipitates or other segregation were visible optically. In broken
specimens voids appeared at carbides, Figure 14{a), Considerable
grain boundary sliding was also evident, Figure 14(b). Much of

the strength of this structure can be attributed to the fine and
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uniform dispersion of carbides (19).

When this alloy was solidified unidirectionally, the
structure was altered appreciably, as discussed earlier. The
decrement in creep resistance is attributed at least partially to
the clustering of MC carbides at the specimen surface. Many
small voids and transverse cracks were present at these clusters
in tested specimens. It is highly probable that they started early
failure. Figure 14(c) shows cracks emanating from these areas,
a condition prevalent both near and far away from the fracture
surface.

The behavior of the Co-45W base alloys was more complex.
The rupture life of the unidirectionally solidified modified alloy
was improved at low stresses but decreased at high stresses,
Figure 15. The minimum creep rate exhibitsa similar cross
over. At high stresses the creep rate is lower for the conven-
tional structure. Two straight line portions may provide the best
description of the rupture life curve.

In the conventional specimens, voids resulted from
intermetallic rupture and grain boundary sliding. The many small
voids in the grains were usually not extended, indicating some
arrest and strengthening from the relatively random arrange-

ment of intermetallic, Figure 16. No variation in void appearance
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with stress was noted.

For unidirectional castings, the lamellae were coarser
and aligned nearly transversely. The appearance and number of
voids varied with stress. In particular, at 20,000 psi many cracks
through the intermetallic were observed. These were present
both near and away from the fracture surface. No cracks were
evident at the intermetallic-matrix interface since at this high
stress, the intermetallic was clearly weaker than the matrix or
interface. At 17,500 psi the intermetallic contained very few
cracks; these were more frequent near the fracture. At even
lower stresses of 15,000 and 12,500 psi, fissures were also
located at the intermetallic-matrix interface. W.ith the exception
of the region immediately adjacent to the fracture, intermetallic
cracking was not observed. Figure 17 shows typical cracks
found in tested specimens.

The superior creep resistance at low stresses of the
unidirectional specimens over the conventional structures is
attributed to the favorable, longitudinal alignment of grain
boundaries and good cohesion between matrix and intermetallic.
At 17,500 and 20,000 psi the unfavorable second phase orientation
predominated. The lower ductility of the unidirectional castings

reflects the coarse and transverse plate-like structure with its
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lack of obstacles to crack extension. A crack could grow unhind-
ered over large distances and decrease greatly the load supporting
area, thereby leading to relatively brittle, catastrophic failure,

In the conventionally cast material, crack arresting occurred

and much larger elongations, nearly four fold, were obtained.

The effect of stress on rupture life and minimum creep
rate for Co-45W-0.05Zr is shown in Figure 18. At high stresses
the unidirectional structure exhibited lower stress rupture lives
and higher creep rates. The stress life curves show a tendency
for improved life over conventionally cast material, with decreas-
ing stress for the unidirectional specimens. Correspondingly, the
minimum creep rate decreases more rapidly with stress for this
latter structure, Microstructural examination did not reveal a
variation of fracture mode with stress for either structure.

In conventionally cast specimens, cracks originated at
grain junctions. Figure 19(a) shows voids produced by the rela-
tive displacement of adjacent grains. In the unidirectionally
solidified alloy, voids formed parallel to the nearly transverse
lamellae of W6C°7 and precipitate, Figure 19(b), and at a few
imperfections in the cast structure, Figure 19(c). Generally,
these imperfections 'were grains that had nucleated independently.

In contrast with the modified Co-45W alloy, unidirectional
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solidification of Co-45W-0,05Zr provided improved creep
elongation over conventional castings, 12.3 vs 6. 9%. The
transverse voids in Co-45W-0,05Zr were much smaller than in
modified Co-45W, reflecting the much finer structure of the
former alloy. Thus, individual cracks extended over small
distances and did not lead to early brittle failure.

However, Co-45W-0,05Zr cannot be regarded merely
as a scaled down version of the modified alloy. The intermetallic
phases are not the same nor is their stability similar. At the

test temperature of 1800°F, the transformation of W Coy with

’
¢y to form Co; W and £ (or c¢y) proceeds rapidly. Even at the
shorter testing times, heavy precipitation was observed and many
smaller particles of WGCo7 were dissolved. On the other hand,

in modified Co-45W matrix precipitation occurred very slowly and

the W3Co5C did not appear to be dissolving even after 82+ hours

at 1800°, Figure 17(b).

Extruded Alloys

Extrusion billets were machined from both conventionally
cast and unidirectionally solidified ingots of all four alloys. The
macrostructures of as cast ingots are shown in Figures 20 and 21.

Conventionally cast s'tructures were composed largely of trans-
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verse columnar grains with a small central equiaxed region. In
some ingots this region was virtually nonexistent, During uni-
directional solidification the columnar grains were aligned in
the direction of solidification with the second phases distributed
and aligned in the same manner as previously described for the
test specimen castings. The structure near the chill was very
fine; the structure was fairly uniform along the length of the
central portion; the top of the ingot had a coarse structure. The
columnar zone length exceeded 2 3/4 inches for all ingots or

nearly the entire length of 3 inches for the billet.

Workability

Although the primary purpose of extrusion was to
examine the effects of subsequent structures on properties,
information on hot workability of these alloys was also obtained.

The choice of extrusion for hot working as opposed to
forging, rolling or swaging was based on some limited hot up-
set tests, which indicated that these alloys would be difficult to
work. EXxtrusion is particularly suited to the working of other-
wise unmanageable materials since the working stresses are
compressive. Within the obvious limitations of available ram

pressure, large reductions increase the hydrostatic component
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of stress in the deformation zone and aid in obtaining a sound-
product. Pugh and Gunn (26), in varying both back pressure and
reduction in hydrostatic extrusion, demonstrated the efficacy of
sufficiently large reductions in reducing or even eliminating the
counterpressure required to prevent cracking in magnesium.

In the present study, an 8:1 reduction was the largest
reduction that would still yield a sufficiently large product for
testing. A number of parameters were evaluated during the course
of each extrusion to obtain an indication of the ease with which
the material was deformed. For a particular set of conditions
(material, die, lubrication, temperature, and deformation rate)
the variation of ram pressure with ram travel was measured.

A schematic representation of such a pressure travel record
appears in Figure 22(a). An initial pressure peak arises from the
frictional forces between a long, undeformed billet and the press
container and die and initial deformation in the die. Once material
is being forced through the die, the length of undeformed billet
decreases, reducing billet-container friction and the heat pro-
duced by deformation contributes to lowering the strength of the
billet, particularly at high temperatures and strain rates. With
low billet container friction, this latter portion of a curve (*'run

pressure') tends to be flat. A typical pressure trace simultaneously
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showing ram speed appears in Figure 22(b).

The data obtained from extruding ten billets are listed
in Table IV. For all billets very sharp peak pressures were
observed with the run pressures being fairly constant. The peak
pressures were generally high, approaching the maximum allow-
able ram pressure of 177,000 psi,

The quality of the various extrusions differed appreciably.
Even in the as extruded condition, a cursory visual inspection
indicated that some of the extrusions were unsatisfactory. The
pieces illustrated in Figure 23(a) appeared to be sound, whereas
those shown in Figure 23(b) consisted of small chunks either in
loose form or still encased in the steel jackets. These latter bars
were produced from the modified Co-45W alloy.

Various combinations of extrusion conditions were employed
in attempts to obtain sound material for this alloy, At a speed of
6 inchef per second and 2200°F the extrusion of a conventionally
cast ingot resulted in a poor product, Figure 23(b), #l. At 2150°F
and a slower speed of 1.8 incher per second another conventional
ingot was not extruded successfully, Figure 23(b), #2. An attempt
was then made to extrude a unidirectionally solidified ingot at
2100°F, but it stalled,in the die without upsetting. The can was

remachined and the piece extruded through an .885 inch diameter
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die at a somewhat higher temperature of 2125°F, Again the
product was unsatisfactory, Figure 23(b), #3. It was concluded
that modified Co-45W probably cannot be hot worked. The
coarse lamellar structure of this alloy,which must be broken up
considerably to achieve smooth metal flow during deformation,
is considered to be responsible for the inadequate workability.

Radiographic examination of the remaining extrusions
revealed fine internal tears in the modified Co-35W alloy. These
tears were located along most of the unidirectionally solidified
extrusion. The conventionally cast ingot yielded a radiographi-
cally sounder product and a number of test specimens were
machined from it. In view of the varying condition of the modified
Co-35W alloy extrusions, a comparison of working pressures for
this alloy was not valid.

The two unmodified Co-35W billets were extruded at some-
what different temperatures. The product was generally satis -
factory, although a few isolated regions contained slight tears.
Sufficient sound material was available for test specimens from
both extruded pieces.

The best extrusions were obtained from Co-45W-0, 05Zr
ingots. A comparison of extrusions 6 and 7 (Table IV) shows that

for the same extrusion speed the unidirectionally solidified structure



-32-

required a higher run pressure. In the final product the inter-
metallic was aligned longitudinally for both billets. In the uni-
directionally solidified ingot, the lamellae were aligned nearly
perpendicular to their extruded orientation; in the conventionally
cast ingot, the initial arrangement was more random and some
lamellae did not require much additional realignment. The
difference in run pressures probably reflects the extent to which
the less ductile phases in the cast structure had to be rearranged
into the final longitudinal array. The peak pressures differed in
the opposite direction, but these are probably less sensitive to
structure and more dependent on the initial speed with which the
ram contacts the billet. This speed was high to minimize heat loss

to the container.

Extruded Structures and Properties

Figure 24 shows the transverse macrostructural appear-
ance of extruded Co-35W-0.05Zr, Itis evident that the cast ingot
pattern was not eliminated with the nominal 8: 1 reduction. This
is illustrated further by the microstructures of transverse sections,
Figures 25(a), (b). The regular alignment of dendrites within
unidirectional grains is preserved on extrusion, Figure 25(b).

The longitudinal microstructures, Figures 25(c), (d), differed less.
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In both extrusions the grain size is similar and the second phases
are aligned longitudinally. The recrystallized grains of o Co
contain annealing twins.

The modified Co-35W after extrusion contained voids both
at the ends of MC carbides and as small tears, Figure 26. The
conversion of globular or eutectic M C carbides present in the
cast condition into a fine net-like structure indicates overheating
during extrusion.

Two types of extruded microstructures, corresponding
to cast ingot structures, were obtained for Co-45W-0,05Zr, From
both transverse and longitudinal sections, it was established
that the W, Co, was aligned longitudinally in the form of sheets.
Extrusion of unidirectionally solidified ingots produced a very
uniform microstructure with little variation in size of inter-
metallic particles or matrix grain size, Figure 27 (a),(b). The
structure of the extruded conventional ingot was less uniform with
banded regions of predominately very fine intermetallic, Figure
27(c), intermixed with areas of coarse intermetallic and larger
grains. Figure 27(d) shows such a coarse area. In both types of
structures small voids were present at the ends of many inter-
metallic particles in the longitudinal section. The pointed shape

of these voids suggests laminar-like flow of the matrix around the
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less ductile particles. At the extrusion temperature of 2200°F
the structure was a GO and W6Co7. Fairly rapid cooling of the
extruded product preserved this structure. The @ Co grain size
is very fine, on the order of a few microns.

The stress rupture properties of the above three alloys
were greatly altered by extrusion. The results of limited stress
rupture tests are listed in Table V.

Only one sample of modified Co-35W was tested. It
fractured with little ductility almost as soon as the load was
applied. Apparently the extruded structure with its voids and
continuous precipitate films did not permit a proper evaluation
of the stress rupture behavior of this composition.

For the Co-35W-0,05Zr alloy, extrusion decreased the
rupture life by nearly a factor of 100, as shown by the stress
rupture curves in Figure 28. The ductility, however, was increa-
sed. Two samples of a unidirectionally cast and extruded bar had
an average elongation of 62, 5% compared to 13, 5% for the as cast
unidirectional alloy. A third specimen, from an extruded conven-
tional ingot, elongation 174% with multiple necks, Figure 29(a).

The variation of rupture life with stress for extruded

Co-45W-0,05Zr is given in Figure 30. The decrease in life over
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cast material is again nearly hundredfold. The increase in
ductility accompanying the strength drop was most remarkable.
One sample elongated 212%, the extension limit of the testing
machine, without fracture or necking. The deformation was
extremely uniform with no indication that stretching capacity
was exhausted, Figure 29(b).

A large increase in ductility, rationalized merely the
basis of degradation in strength, would not account for the
necking resistance. As such, the observed behavior of extruded
Co-45W-0, 05Zr bears strong resemblance to the phenomenon
of superplasticity which is characterized by large amounts of
neck-free elongation (27).

Accordingly, a series of experiments was performed
using extruded Co~45W-0,05Zr in an effort to establish more
conclusively the existence of superplasticity in this alloy and
examine the mechanisms involved. These experiments and

their results are described in the following section.



CONSIDERATIONS OF SUPERPLASTICITY

As applied to metals, superplasticity is a relatively
recently observed phenomenon characterized by unusually large
ductility before fracture. Elongations of nearly 2, 000% have
been reported (28). The common behavior of ductile metals
under tensile loading is to fail shortly after the onset of plastic
instability or necking. Superplastic metals, however, exhibit
viscous-like behavior, low strength and necking resistance.

Thus, the appearance of stretched, broken specimens is more
reminiscent of drawn glass than the common cup-cone fracture
of ductile metals. Superplasticity is not peculiar to tensile tests,
although most of the attention has been devoted to this type of
loading. A review by Underwood (29) summarized much of the
work on the subject prior to 1962.

Some ambiguity exists regarding the sorts of effects
that should be labelled superplastic. Nevertheless, most of these
can be classified into either transformation plasticity produced
by deformation during a phase change with thermal cycling during
the test or the more conventional superplasticity in which the
test temperature is constant.

Considerable attention has been given to superplasticity

-36-
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in binary eutectics, notably Al-Cu, and eutectoid Al-Zn by

Soviet researchers (29). In as cast specimens, superplasticity
occurred only in metastable structures produced by quenching
from a single phase field and testing in the two phase region

near the transformation temperature. Homogenized material

did not show superplasticity. The general Soviet view has
favored metastability as a necessary condition for superplasticity.
In quenched alloys of certain systems, compositional equilibrium
restored by diffusion and deformation is believed to cause the
abnormal ductility.

More recent work indicates that metastability per se
is not a prerequisite for superplasticity. Petty (30) obtained
superplasticity in several extruded and subsequently annealed
Cu-Alalloys. This behavior was, in part, attributed to the
ability of Cu,Al2 particles to interfey/ with crack propagation.

Backofen and his co-workers have demonstrated in
Al-Cu (31) and Pb-Sn (32) eutectics that a fine structure
characterized by a grain size of few microns is an alternative
way of obtaining superplasticity. They have analyzed necking
resistance in terms of strain rate sensitivity using the relation-
ship 4 = K én‘ (27,31,32) (where o = stress, K =a

constant, ¢ = strain rate, m = strain rate sensitivity index).
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When the strain rate sensitivity index, m, is unity, the equation
describes purely viscous flow. For metals at elevated tempera-
tures, m seldom reaches 0.3; usual high values are in the range
of 0. 1 (33). It has been demonstrated that necking resistance
increases with m (27). Thus, combining ¢ = Kem = F/A

(where F = force and A = cross sectional area) with

yields
aa _ [r) Y™
TEx T [‘E} | ["A‘—m-]

For m = 1, the rate of change in area at any point is
not a function of the area and necks or other discontinuities such
as cracks are stable in deformation. To date, values of m as
high as 0.75 have been reported in superplastic metals (31).

A unified view of the mechanisms governing super-
plastic behavior is evolving gradually. The existence of a
number of rate controlling processes concurrent with a requisite
fine structure is highly probable. From an analysis of strain
rate hardening in Pb-Sn, Avery and Backofen (32)proposed that
Nabarro-Herring diffusional creep and climb regulated dislo-
cation motion are competing mechanisms. Later work by Packer

and Sherby (34) cast doubt on the importance of Nabarro-Herring
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creep as a rate controlling process. In eutectic Al-Cu, Holt and
Backofen (31) proposed, from microstructural evidence and the
grain size dependence of oat constant £ , that grain boundary
shear coupled with strain rate enhanced recrystallization and
boundary migration would account for the observed variation of

m with Packer and Sherby (34) found indications of grain

£ o
boundary migration or recrystallization in constant speed tests
of Al-Zn eutectoid alloy. Grain size and shape were essentially
unchanged with deformation,

In the present study, the anomalous ductility in extruded
Co-45W-0,05Zr suggested a number of experiments to examine

the role of grain size and phase transformation on strength and

ductility.

Additional Experiments on Superplasticity

Variable strain rate tensile tests were conducted on the
tapered end specimens illustrated in Figure 4(b). These were
machined from extruded bars of both conventionally cast and
unidirectionally solidified ingots of Co-45W-0. 05Zr, Testing
was performed at 1800°F on an Instron machine in a 16 inch long
electric resistance furnace. The initial temperature variation

along the 1. 14 inch test section of less than 2°F was maintained
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to elongations of at least 100%. The time required to bring the

furnace and specimen up to 1800°F from room temperature was
about 3 hours. AN adciitional period of 1/2 hour at temperature

preceded actual testing.

Following the procedure of Backofen, et. al. (27), trans-
ient tensile tests were conducted by increasing the pulling speed
by factors of 2 or 2 1/2 over nearly three orders in magnitude
and observing resulting changes in load. The crosshead speeds
ranged from 0. 002 to 2 inches per minute. Stress as a function
of instantaneous strain rate was calculated assuming uniform
reductions in cross section. The strain rate sensitivity was
obtained from o = K ¢ as follows:

log o =log K+ m loge

m = (_3_%9_5_9__)

sloge /¢

In actuality, the increments are finite, thus

log 0, - log ©
m = (A log?) = ( .2 .1
A loge /¢ log ¢; -log g /¢
c
log 2
01
- ¢
log 2

'61 €
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Because m is measured at a common strain to eliminate
the possible influence of strain hardening or other metallurgical

change, the ratios of loads, P, and pulling speeds, V, may be

P v
mg = éog__z._ log _.2_.>
1 Py Vi/e

where ¢ 1 and P, are the strain rate and load at the slower pulling

used instead.

speed V.

Figure 31 illustrates schematically the type of data
obtained in these tests. W.ith an increase in pulling speed, the
load exhibited a transient rise and then remained nearly flat
although at high speeds, it sloped appreciably downward. The
curves of load versus time were extrapolated to obtain a common
strain for the pulling speeds used in calculating a particular m,
A given m value was associated with the strain rate at the lower
pulling speed. For example, in Figure 31, €4 is given by V1 <
gage length at location (time) 1. Usually about 60% of strain
was required for a set of measurements over the entire pulling
speed range of. 002 to 2 inches per minute.

The grain size and intermetallic size and spacing were
controlled through variations in cast structure. Test specimens

taken from different positions of the extruded bars varied in
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structural fineness. This was particularly true of the unidirec-
tionally solidified extrusions where the as cast structure was fine
near the chill and became more coarse with distance. The grad -
ation in cast structure was reflected in the extrusions and pro-
vided test material with a range of grain and intermetallic sizes.

The metallographic mean free path, La’ between face
centered cubic ¢ grains was taken as a measure of structural
fineness. A filar eyepiece was used to determine intercept
distances of these grains, disregarding the intervening inter -
metallic. The average of 10 separate random determinations
on 10 a phase grains in a row gave closely reproducible results.
Contained implicitly in this measure of grain size is the size of
the intermetallic since fine grained regions were invariably
accompanied by fine and closely spaced W6Co7, while areas of
coarse grains contained correspondingly large and coarsely
spaced particles,

Some material was heat treated in evacuated Vycor
tubes prior to testing. Standard metallographic techniques were
used in preparing and examining both as extruded and tested

material. Some of the chemical etchants described in Table I

were utilized to delineate particular structural features.
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Results and Discussion

Effect of € on ¢ and m in As Extruded Material

Much larger elongations were obtained in the controlled
tensile tests than in creep. After about 400% elongation, the
temperature distribution along the specimen became extremely
non uniform. Nevertheless, some very large neck-free elonga-
tions were observed, Figure 32.

Plots of flow stress, o , and strain rate sensitivity
index, m, versus ¢ for four different values of LCY appear in
Figures 33 and 34. The lower L, values of 1.6 and 2.0 microns
are for material taken from the nose and end portion of a uni-
directionally solidified and extruded ingot. The L, values of
2.6 and 2.9 microns are for specimens corresponding to the
bottom and center portions of a conventionally cast ingot. As
stated previously, the extruded structures of unidirectionally
solidified ingots were the more uniform of the two. Micro-
structures of extruded material have been described in an
earlier section.

The flow stress at constant ¢ is dependenton L, <&
increases with La’ Figure 33. The slope of these lines, m,

measured independently, varies appreciably with ¢ , Figure 34.
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The general trend in this figure is for m to increase with e .

A peak in m is not apparent at higher g except for the coarsest
structure. This probably is a consequence of the tests being
conducted at pulling speeds below 2 inches per minute; at higher
pulling speeds, a peak in m would be expected. W.ith decreasing
¢, m undergoes a minimum. All of the curves exhibited this
minimum and for some there appears to be a small peak in m

at low ¢,

An interpretation of the m- € curves in Figure 34 merits
caution at this time. To examine further the nature, and even
perhaps authenticity, of a peak in m at lower ¢ , obviously
merits additional study over a wider range of strain rates than
currently employed. Furthermore, the difficulties that become
apparent in attempting to rationalize fully the grain size depen-
dence of these m-¢ curves probably stems from the actual
measure of L, For highly non uniform structures, such as
some of those tested, L, an average quantity is not likely to
provide a good indication of the overall test section strain rate
sensitivity.

It also must be appreciated that these tests were con-
ducted on non equilibrium structures which were transforming

during deformation. The degree of transformation could be
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expected to vary with time so that a larger € (specimen subjected
to longer time at 1800°F) the metallurgical condition of the
material (amount of transformation, grain size, etc.) probably
differed from that found earlier in the test.

Microstructural examination of tested specimens showed
that considerable transformation had occurred during heating and
the one hour at 1800°F, The reaction of ¢y and W6Co7 to form
Co,W has been recently established at 1093°C (2000°F) = 5°C (18),
The temperature of an additional peritectoid reaction in which €
forms has not been definitely found. Evidence exists that it may
occur below 1050°C (18). After testing, all of th; finer inter-
metallic particles of the type shown in Figures 27(a), (c) had
dissolved leaving the original pointed voids. Traces of the
larger particles still remained, Figure 35. The darker preci-
pitate areas are probably a mixture of ¢ and «, the light areas
being Co3W.

After an m versus ¢ determination, samples were pulled
at 2 inches per minute to failure. The elongations at fracture
increased with decreasing L

Thus, for L, = 1.6, 2.0, 2.6,

a a

2.9 uthe respective elongations were 535%, 215%, 139%, and 58%.

The two coarsest grained specimens showed surface cracking.

Tests to failure were not conducted at different constant strain
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rates or pulling speeds. Accordingly, it is not clear whether
fracture behavior or the particular m for the testing conditions
regulated the ductility. Especially for the more non uniform
material m, an average quantity, might disregard the relative
brittleness of very coarse grains thereby giving an inaccurate

indication of overall necking or early failure resistance.

Influences of Deformation History and Transformation

In order to examine the influence of previous strain and
strain rate history, an as extruded specimen (unidirectional ingot,
Lg~ 184 ) was subjected to a series of m versus e determina-
tions. The cross head speed was increased from , 002 to .2
inches per minute in seven steps and the process repeated for a
total of four runs. The strain after each run was about 20%.
After the final determination, the speed was raised to 2 inches per
minute with fracture occurring at 415% elongation. The total time
at temperature was 2 hours as compared to 1 hour used for the
previously described tests .

The results of these tests are presented in Figures 36
and 37(a). The flow stress increased with successive runs,
changing very slightly for the third to fourth. Similarly, the

curves of m versus ¢ were essentially identical for the last
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two runs. The very small random scatter in these curves may
be taken as an indication of the accuracy of the m determinations
for this specimen.

These results suggest that some sort of structural equi-
librium was being approached through deformation. Both the
flow stress and m curves imply a coarsening with repeated
deformation and (or)time at temperature. Thus, the rise of
flow stress with successive runs is indicative of a coarser struc-
ture as shownin Figure 33. A similar inferenceis provided by the
m- € curves in Figure 38(a). It has been found that the strain
rate at peak m or at fixed values of m will shift to higher strain
rates as structure becomes finer (31, 32). At low ¢ the curves
in Figure 37(a) are almost flat and a shift to lower ¢ , indicative
of coarsening, iIs not apparent. However, at higher E the curves
become more steep and their displacement to lower ¢ with suc-
cessive runs is clearly evident. After the third run, this shift
was extremely slight.

Metallographic examination of this sample showed that
heavy precipitation had occurred. Figure 38 compares the micro-
structure in the grip ends and deformed region. The light areas
are Co3W, the precipitate areas are probably @ and e . After

considerable extension, the Co3W grains remained equiaxed,
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Figure 38(b), while the darker precipitate was strung out longitu-
dinally. In general, the grains were delineated with considerable
difficulty. The W6C°7 had not dissolved completely as shown in
Figure 38(d). A large WgCo- particle is surrounded by grains of
Co,W. Figure 38(d) shows one of the largest of many voids now
elongated, that had originally defined the position of coarse as
extruded W, Coo, particles (see Figure 27(d)). These voids did
not propagate transversely, but merely extendedondeformation in
accordancewith the overall necking resistance of the superplastic
material.

To establish more clearly the role of phase transforma-
tion in this system, a specimen (L~ 2uunidirectional ingot) was
annealed at 1800°F for 100 hours* and subjectedto the same series
of transient tensile tests used for the previously described as
extruded specimen, After three runs, it failed without necking
after 52% elongation as m was decreasing rapidly, Figure 37(b).
With the expection of the comparatively low elongation, probably

associated with a sharp drop in m, the behavior of this sample

was superplastic. Its response to speed changes in m- ¢

*The 100 hour time was chosen based on Neumier and Holman's
work (18)which showed that for alloys containing 65-85 atomic %
Co, equilibriation heat treatments at 900-1100°C in excess ,of 96
hours did not produce any additional structural changes.
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determinations (see Figure 31)and absence of necking was identical
to that observed for all other specimens.

The flow stress, Figure 36,did not exhibit a rise with
successive runs as was the case for as extruded material. How-
ever, the curve of m vs 7 did achieve a constant position after the
first run at all but the highest strain rates, Figure 37(b). Thus,
after the first run the curves for the second and third runs coin-
cide almost exactly until a peak is reached. The attainment of a
steady state through deformation is thus again suggested, this
time in annealed material in which the contribution of transforma-
tion was either nil or at least greatly reduced. Therefore, the
role of phase transformation does not appear to be a necessary
condition for superplasticity, although diffusion during trans-
formation represents a metastability which should contribute to
lowering both the strength and viscosity.

In Figure 36, the substantially higher stresses in annealed
material indicate a coarser structure than one characterized by
La~ 2y in the as extruded condition. This isthe result of grain
growth during prolonged exposure to 1800°F, The high m values
of the annealed condition are probably the result of shifting the
m-¢ curves to the left. As discussed previously, such a shift

is a further sign of coarsening. In Figure 37(a), no indication of
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a peak in m exists at the highest strain rates.

After annealing, the interphase boundaries in undeformed
regions were clearly defined, Figure 39(a)(c), and only two phases
were present metallographically, e (or a)and Co;W. Following
deformation, the Co3W grains were not elongated, Figure 39(b)
(d). The interphase boundaries, at least in Figure 39(d), became
more rounded and distorted.

General Comments

This investigation on superplasticity, though limited,
nevertheless establishes the existence of superplasticity in the
Co-W system at the eutectic composition, Unlike more simple
systems in which solid state transformations do not complicate
the analysis, the Co-W system at 45wt. % W undergoes a number
of reactions. Thus, at about 2000°F, CosW forms by a peritec-
toid reaction from ¢ and Wbco7 and at a lower temperature, as
yetnot definitely established Co3W and a react to form e . In
spite of the uncertainties associated with the Co-W phase diagram
at lower W contents and its reaction kinetics, some deductions
are suggested by the results.

A number of conditions now generally regarded as
desirable for obtaining superplasticity were present in this

investigation. The test temperature of 1800°F was near a phase
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boundary. Furthermore, this temperature was in excess of one
half the absolute melting point, a desirable if not necessary con-
dition. On extrusion, the intermetallic W Co- was aligned longi-
tudinally, a less embrittling arrangement than found in cast
material, and a very fine grain size was developed. And finally,
the presence of compositional metastability, at least in unannealed
material, could be expected to contribute to, if not solely deter-
mine, the superplasticity.

The data suggest that the necessity of phase transforma-
tion in superplasticity of Co-45W is secondary to that of a fine
grain size. This latter condition appears to bean essential
requirement for superplasticity. In as extruded material, larger
elongations and lower flow stresses were obtained with finer grained
samples, but the influence of grain size on m could not be clearly
determined. Regardless of the details of the mechanisms involved
in this alloy, continued recrystallization or grain boundary migra-

tion was probably occurring during deformation.



SUMMARY

Stress rupture tests of four Co-W base alloys cast
in conventional investment molds and also unidirectionally
solidified indicated a complex influence of cast structure on
properties. The orientation of grain boundaries competed with
the geometry, orientation and distribution of second phases in
determining ductility and rupture life.

In general, ductility in the stress rupture test was
higher for the unidirectionally solidified material, An exception
to this behavior occurred with the Co-45W, 0,75Ti, 0.75 Zr,

0. 25C, 0. 1B alloy for which unidirectional solidification resulted
in a very brittle arrangement of large carbide lamellae aligned
nearly transversely to the direction of loading. For the Co-
45W-0,05Zr and Co-45W, 0,75Ti, 0.75Zr, 0,25C, 0. 1B alloys,
unidirectional solidification led to improved rupture lives at
lower stresses, while Co-35W-0,05Zr was markedly superior

in the unidirectional condition over the entire stress range
examined. Unidirectional solidification of Co-35W, 3Cr, 2Ti,
2Zr, 1C, 0. 1B altered the microstructure considerably and

produced segregation of MC carbides at the surface. The

rupture life for this structure was inferior to that of the

-h2-
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conventionally cast alloy.

Extrusion of the above alloys in both cast conditions
showed that Co-45W, 0,75Ti, 0,75Zr, 0,25C, 0. 1B is not
readily workable because of its coarse plate-like carbide
structure. Of the other alloys extruded, only Co-35W-0,05Zr
and Co-45W-0,05Zr yielded sound test material; the modified
Co-35W alloy should be extruded at temperatures lower than
those used to prevent embrittling overheating during working.

Stress rupture tests of the two unmodified alloys gave
rupture lives nearly 100 fold lower than for cast material but
large ductility increases.

The particularly large neck-free elongations observed
for extruded Co-45W-0,05Zr led to an additional examination of
superplasticity in this alloy. The results indicate the necessity
of a fine structure for superplasticity with the role of phase
transformation being secondary. Continued recrystallieation
or grain boundary migration during tensile deformation is

suggested by microstructural evidence.
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(b) Unidirectionally Solidified
(Vertically)

Figure 6: Microstructure of Co-35W-0,05Zr From Test Sections
of Stress Rupture Specimens (Etchant 1) 100X,
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Unidirectionally Solidified (Vertically)

Figure 7: Microstructure of Co-35W, 3Cr, 2Ti, 2Zr, 1C, 0. 1B
From Test Sections of Stress Rupture Specimens
(Etchant 1),
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(b) Unidirectionally Solidified
(Vertically Upward)

Figure 8: Microstructure of Co-45W-0.05Zr From Test Sections
of Stress Rupture Specimens (Etchant 1) 100X,
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(b) Unidirectionally Solidified
(Vertically Upward)*

Figure 9: Microstructure of Co-45W, 0.75Ti, 0,75Zr, 0.25C,
0. 1B From Test Sections of Stress Rupture Specimens
(Etchant 1) 100X (*After Testing).
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(b) Unidirectionally Solidified (Vertically)

Figure 12: Microstructure of Co-35W-0, 05Zr After Stress
Rupture Testing (Etchant 1) 100X,
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(b) . 100X

Figure 14: Void Initiation in Co-35W, 3Cr, 2Ti, 2Zr, 1C, 0. 1B
Alloy (Etchant 1)

(2) Voids at Carbides in Conventionally Cast Alloy
(b) Grain Boundary Sliding in Conventionally Cast Alloy
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Figure 14 (continued)

(c) Void Initiation at Carbide Clusters in Unidirectionally
Solidified Alloy,
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Figure 16: Types of Voids Observed in Tested Conventionally
Cast Co-45W, 0, 75Ti, 0,75Zr, 0,25C, 0.1B
(Etchant 1).
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(b) 12,500 psi Testing Stress (Near Fracture Surface)

Figure 17: Cracks Initiated by Carbides in Unidirectionally
Solidified Co-45W, 0,75Ti, 0,75Zr, 0.25C, 0. 1B
Alloy (Etchant 1) 100 X.
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(b, c) Unidirectionally Solidified

Figure 19: Types of Voids Observed in Tested Co-45W-0,05Zr
(Etchant 1) 100 X,



o

%%;w‘

S

-86-~

e

b) Co-35W, 3Cr, 2Ti, 2Zr, 1C, 0.1B

a) Co-35W-0,05Z~x

Macrostructures of Conventionally Cast and Unidirectionally Solidified Ingots of

Two Co-35W Base Alloys (etchant 2) Approximately 1X,

Figure 20



b) Co-45W, 0.75Ti, 0.75Zr, 0.25C, 0, 1B

a) Co-45W-0,05Zr

Figure 21: Macrostructures of Conventionally Cast and Unidirectionally Solidified Ingots of

Two Co-45W Base Alloys (Etchant 2) Approximately 1X,
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Candiaarkibs e

(b)

@ 1,2 Co-35W-0.05Zr
3,4: Co-35W, 3Cr, 2Ti, 2Zr, 1C, 0.1B
5,6,7: Co-45W-0,05Zr

(b)1, 2, 3: Co-45W,0,75Ti, 0.75Zr, 0. 25C, 0. 1B

Figure 23: Appearance of As Extruded Bars.
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(a) Conventionally Cast

(b) Unidirectionally Solidified

Figure 24: Macrostructures of Extruded Co-35W-0.05
Illustrating Retention of Casting Ingot Pattern,
(Etchant 2), Approximately 3X.



-91-

a 100X

c] 250X d) 250 X
Longitudinal

Figure 25: Microstructures of Extruded Co-35W-0.05Zr; (a,c)
Conventionally Cast; (b,d) Unidirectionally Solidified
(Etchant 1).
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Figure 26 Microstructure of Extruded, Conventionally Cast
Co-35W, 3Cr, 2Ti, 2Zr, 1C, 0. 1B (Etchant 1).
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(b)

(d)

Conventionally Solidified

Figure 27: Typical Extruded Structures of Co-45W-0,05Zzr;

(@, c, d) are Longitudinal Sections, (b)is Trans-
verse, (Etchants 1and 2), 1000X,



‘(400081 1V ¥IV NI @3.1S31) 4Z SO0 ‘MGE-00 d3ANVLX3
ANV 1SVD SV ¥0d4 3417 3¥NLdNY SS3HLS 40 NOSINVAWOD 82 N9

N~
"¥4H 20NLOCHd OL WL

-94-

ISd 0001 ~ SS3¥LS TVILINI

OO0l ol i |
! _______ | ! _______ ] I _____._ I | ____._ I
— a3anydix3 -
T~y %—0 | I — -
VNOILOINIAINN —
I S [N OO O I L 11 Dipgp 1 Litis 1900,



-95-

(b) Co-45W-0,05Zr, 212% Elongation, Without Fracture

Figure 29: Some Large Extensions Obtained in Stress Rupture
Tests of Extruded Co-35W-0,05Zr and Co-45W-

0.05Zr,
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CROSSHEAD SPEEDS: Vg2 V, MV,
EQUAL STRAINS BY

EXTRAPOLATION : e,- E, €5=€z €3= ....efc.
m log —/log
. = ) e,
Vv P,
and m , ,= | log =2/ log 3
2 ( VZ/ Pa)ez' »,0
3/ ,
w— e — ® anmm —— 3.
Vs
EE S wmr  ceme —...2.‘
LOAD DROPS APPRECIALLY AT

j HIGH PULLING SPEEDS

--------- * GET EXTRAPOLATION
' | DISTANCE FOR EQUAL STRAIN,

—»| b, FROM %-Vz/v , efc.
|

RECORDING CHART TRAVEL (TIME)

FIGURE 31: SCHEMATIC ILLUSTRATION OF DATA GENERATED

IN TRANSIENT TENSILE TESTS AND

CALCULATIONS OF STRAIN RATE SENSITIVITY
INDEX, m.
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FIGURE 33 : VARIATION OF FLOW STRESS, o=, WITH STRAIN RATE,€,

FOR EXTRUDED MATERIAL AT [800°F.
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FIGURE34 :EFFECT OF STRAIN RATE ON THE STRAIN
RATE SENSITIVITY INDEX ,m, IN EXTRUDED
MATERIAL AT 1800° F.
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a) Etchants 1land 2

b) Etchants 3 and 4

Figure 35: Partial Dissolution of WgCo4 and Precipitation
in Extruded Co-45W-0,05Zr (Conventionally Cast)
1000 X.
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a) Grip 1000 X b) Test Section 1000X

a) Grip 2000 X b) Test Section 2000X

Figure 38: Structures Developed During Deformation of AS
Extruded Material; Ly~1.8 4 ; Final Pulling

Speed 2 in/min; Longitudinal Direction is Vertical
in Photos (Etchants 3 and 4).




Figure 39:
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b) Test Section 1000X

d) Test Section 1500X

Structures Developed During Deformation of
Annealed Material; La~ 2.0~ ; Final Pulling

Speed . 2 in/min; Longitudinal Direction is
Vertical in Photos (Etchants 3 and 4),
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